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Gene deletionTargeted mutagenesis is one of the major tools for determining the function of a given gene and its
involvement in bacterial pathogenesis. In mycobacteria, gene deletion is often accomplished by using allelic
exchange techniques that commonly utilise a suicide delivery vector. We have adapted a widely-used suicide
delivery vector (p1NIL) for cloning two ﬂanking regions of a gene using ligation independent cloning (LIC).
The pNILRB plasmid series produced allow a faster, more efﬁcient and less laborious cloning procedure. In
this paper we describe the making of pNILRB5, a modiﬁed version of p1NIL that contains two pairs of LIC sites
ﬂanking either a sacB or a lacZ gene. We demonstrate the success of this technique by generating 3
mycobacterial mutant strains. These vectors will contribute to more high-throughput methods of
mutagenesis.8.
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
The repertoire of molecular tools available for the study of
mycobacteria is narrow when compared to those available for other
bacterial species such as Escherichia coli and Bacillus subtilis. Such
tools are needed to investigate the many mycobacterial species
involved in human disease. The construction of targeted mycobac-
terial mutants has been invaluable for the understanding of gene
function, the demonstration of gene essentiality and in the
generation of attenuated strains for vaccine trials (Machowski et
al., 2005). Methods for targeted mutagenesis in mycobacteria use
allelic exchange via suicide, or conditionally replicating, plasmid
vectors or phages (Bardarov et al., 2002; Parish and Stoker, 2000;
Pelicic et al., 1997, Sander et al., 1995). The method used in our
laboratory is a two-step mutagenesis procedure that allows efﬁcient
production of unmarked mutants through (1) integration of the
mutagenesis plasmid in the target gene by a single cross-over (SCO),
and (2) isolation of double cross-overs (DCOs) through negative
selection (Parish et al., 1999, Parish and Stoker, 2000). This system
has been used widely for the generation of unmarked mycobacterial
mutants (Boshoff et al., 2003, Chauhan et al., 2006, Curry et al., 2005,
Dawes et al., 2003, Hu et al., 2006, Matsoso et al., 2005; Onwueme etal., 2004, Parish et al., 2005; Parish et al., 2003, Primm et al., 2000,
Shimono et al., 2003, Smith et al., 2001).
Although the mutagenesis procedure is quite efﬁcient, the
construction of the mutagenesis vector can be difﬁcult. The target
gene, and ﬂanking regions, are cloned into a manipulation plasmid
(pNIL series) and mutated, or two ﬂanking regions are cloned in
separately without the gene. This latter approach is potentially the
most useful, but cloning relies on two directional cloning procedures,
and in our experience this is not always easy, both because it can be
technically difﬁcult, and because it may be constrained by restriction
sites in the sequences to be cloned.
Recently, ligation-independent cloning (LIC) methods have began
to supersede conventional restriction digestion/ligation approaches
and provide a more reliable high-throughput approach (Dan et al.,
2009, Eschenfeldt et al., 2009, Lee and Kim, 2009, Qin et al., 2008). LIC
relies on the generation of long, compatible, cohesive ends between a
vector and a PCR insert. (Aslanidis and de Jong, 1990, Haun et al., 1992,
Yang et al., 1993). A type IIS restriction enzyme (such as BseRI) is
normally used; these enzymes cut outside their recognition
sequences, and long single strands (usually about 12 nucleotides
long) can be produced at each end through the exonuclease activity of
T4 DNA polymerase in the presence of a sole nucleotide. Comple-
mentary single strands are generated in a PCR product by designing
appropriate primers, and the two molecules are annealed. Due to the
large number of hydrogen bonds formed between the termini of the
linearised vector and target insert, the molecules anneal together
sufﬁciently strongly for subsequent procedures without the
Table 1
Bacterial strains and plasmids used in this study.
Strains Genotype Source
Escherichia coli
DH5α supE44 ΔlacU169 (ϕlacZΔM15) hsdR17
recA1 endA1 gyrA96 thi-1 relA1
Invitrogen
Mycobacterium smegmatis
mc2155 High frequency transformation mutant
ATCC 607
Snapper et al.
(1990)
ΔDRKIN M. smegmatis mc2155 strain lacking
the duplicated chromosomal region
Warner et al.
(2006)
Δ2309Msm Δ2309Msm This study
Δ4718Msm Δ4718Msm This study
Δ5054Msm Δ5054Msm This study
Plasmids Description Reference
p2NIL Gene manipulation vector, Kan Parish and Stoker
(2000)
pGOAL19 Marker genes, Hyg, ag85p-lacZ, hsp60p-sacB This study
pNILRB p1NIL-derived with 2 LIC sites, Kan This study
pNILRB2 pNILRB-derived with a sacB gene to
select for downstream gene ﬂanks
This study
pNILRB3 pNILRB2 with an extra LIC site for upstream
gene ﬂanks
This study
pNILRB4 pNILRB3-derived with 4 LIC sites, 2 for each ﬂank This study
pNILRB5 pNILRB4-derived with a lacZ gene to select for
upstream gene ﬂanks
This study
35R. Balhana et al. / Journal of Microbiological Methods 83 (2010) 34–41requirement for covalent joining by DNA ligase. The structure can be
transformed efﬁciently and subsequently repaired within the cell.
This approach eliminates the requirement for restriction enzyme-
generated cohesive ends and a separate ligation step. An illustration of
this process is given in Fig. 1.
Here we describe adapted pNIL vectors that allow simple ligation-
independent cloning of two ﬂanking regions of DNA, making this part
of the mutagenesis trivial in most cases. We demonstrate the
successful use of these vectors in the construction of 3 mutants of
Mycobacterium smegmatis. These vectors will contribute to more high-
throughput methods of mutagenesis and we hope will be an
invaluable tool for the mycobacterial research community.
2. Methods
2.1. Bacterial strains and culture conditions
The strains and plasmids used in this study are described in Table 1.
All bacterial cultures were grown at 37 °C and liquid cultures were
grown with shaking (250 rpm). E. coli DH5α was used as a strain for
cloning. E. coli strains were grown in a Luria–Bertani medium. M.
smegmatis mc2155 was grown in Middlebrook 7H9 broth (Difco)
containing 10% oleic acid-albumin-dextrose-catalase supplement
(OADC) (Becton Dickinson) and 0.05% Tween 80 or Middlebrook
7H11 agar containing 10% OADC. Hygromycin (50 μg/ml) kanamycin
(50 μg/ml for E. coli and 20 μg/ml forM. smegmatis), 5-bromo-4-chloro-Fig. 1. Illustration of how LIC works using the enzyme BsaI for the linearisation of the vector. The plasmid contains two BsaI sites that once digested will expose 3′ ends accessible to
T4 DNA polymerase. If only dGTP is supplied, the polymerase will digest each strand from the 3′ terminus until it ﬁnds a guanine residue. The process originates a long overhang on
the 5′ ends of the vector. The same approach is used for the PCR products, which are also treated with T4 DNA polymerase, in the presence of dCTP this time. The 5′ overhangs
generated are complementary to those obtained in the vector and therefore the structure will anneal together. (*SS break, this breaks are repaired in vivo after transformation).
Table 2
Oligonucleotides used for LIC adaptation of p2NIL (LIC sequences are underlined and compatible ends for fragment insertion are in bold).
Primer name Sequence Use
BseR1_LIC GTACTTCCAATCCATAAGCTAGCTTCTCCTCGGATCCGAGGAGTTTACTAGTAAGTAAAGGTGGATACGTAC Insertion of LIC1
BseR1_LIC_COMP GTATCCACCTTTACTTACTAGTAAACTCCTCGGATCCGAGGAGAAGCTAGCTTATGGATTGGAAGTACGTAC
BsaI_LIC ACCGGTACTTCCAATCCATGGAGACCTCTAGAGGTCTCCAGTAAAGGTGGATAC Insertion of LIC2
BsaI_LIC_COMP ATAGGTATCCACCTTTACTGGAGACCTCTAGAGGTCTCCATGGATTGGAAGTAC
SmaI_LIC CTAGGTACATCATTTCTCCCGGGTCCTAGGTCCCGGGTATAGATGGTTAC Insertion of LIC3
SmaI_LIC_COMP CTAGGTAACCATCTATACCCGGGACCTAGGACCCGGGAGAAATGATGTAC
SwaI_LICR AATAGGAGTACATCCTTTCCATTTAAAT Insertion of LIC4
SwaI_LICR_COMP GATATTTAAATGGAAAGGATGTAC
SwaI_LICL GGCCATTTAAATTATAGATGGTTAC Insertion of LIC4
SwaI_LICL_COMP GGCCGTAACCATCTATAATTTAAAT
36 R. Balhana et al. / Journal of Microbiological Methods 83 (2010) 34–413-indolyl-β-D-galactopyranoside (Xgal, 50 μg/ml) and sucrose (5% w/v
for E. coli and 2% w/v for M. smegmatis ) were used for selection as
appropriate.
2.2. Oligonucleotides used in this study
A list of oligonucleotides and their use in this study is given in
Tables 2 and 3.
2.3. Introduction of ligation-independent cloning (LIC) sites into p1NIL
DNA manipulation techniques were performed as described
(Sambrook and Russell, 2001). The cloning strategy to build the LIC
vectors is illustrated in Figs. 2 and 3. The pNILRB vectors were
obtained using p1NIL (Parish and Stoker, 2000) as a backbone.
Because individual gene ﬂanks might be cloned, initially the vector
was adapted to contain two LIC sites. The ﬁrst LIC site (LIC1) was
introduced by digesting p1NIL with KpnI and cloning in phosphory-
lated and annealed synthetic oligonucleotides described in Table 2.
This resulted in vector pNILRB. In order to introduce a second LIC site,
a second set of LIC oligonucleotides (LIC2) was phosphorylated,
annealed and introduced into the BsaI digested pNILRB. This resulted
in the conconmitant removal of an 831 bp fragment and the
generation of pNILRB1 possessing two LIC sites for gene ﬂank cloning
(Note, introduction of the LIC sites deleted most of the multiple
cloning site of p1NIL, Fig. 2).
Although LIC cloning is efﬁcient due to the fact that the digested
vector will not reanneal, it is useful to have a selective marker that
can be used to select for the presence of the insert. A sacB gene was
ampliﬁed from pNIC28-BSA4 (GenBank accession no. EF198106)Table 3
Oligonucleotides used for PCR ampliﬁcation in this study (LIC sequences are underlined).
Primer name Sequence
Ampliﬁcation of gene ﬂanks
09U_F1 TACTTCCAATCCATGAGAGAGTCGCCGGTGAAC
09U_R1 TATCCACCTTTACTGGACCGCCGGAATGTGATC
09D_F1 TATCCACCTTTACTGGCGCCAGTTAGTCACACCA
09D_R1 TACTTCCAATCCATGCGATCCCGCGATAGTAGG
18U_F1 TACTTCCAATCCATGGCCGTATTCGGCCTTGAA
18U_R1 TATCCACCTTTACTGCTGCGCCGGTCCGATTT
18D_F1 TATCCACCTTTACTGAAGGCACAGTCGAGCAC
18D_R1 TACTTCCAATCCATGTCGACGAGTTCGTGGTCA
54U_F1 TACTTCCAATCCATGCCACGACTACTTCGTGCTG
54D_R1 TATCCACCTTTACTGCTTACGCGCGAACAGTGC
54U_F1 TATCCACCTTTACTGACGATGCTGGCCGATTT
54D_R1 TACTTCCAATCCATGTACGCGATGGTGTGTGT
Ampliﬁcation of selective markers
sacB_F1 GCTGGATCCACCGACGTCCACATATA
sacB_R1 CGTGGATCCAATGCCAATAGGATAT
lacZ_F1 GCTAGCAGCTTGTCTGTAAGCGGATG
lacZ_R1 GCTAAGCGCCTTTGAGTGAGCTGATACCusing the primers listed in Table 3. The PCR product was cut with
BamHI and ligated to BamHI-digested pNILRB1. This resulted in the
insertion of the marker into LIC2 site and generating pNILRB2.
To increase the ﬂexibility of the vector and facilitate DNA
manipulations, two extra LIC sites were added for the cloning of
each ﬂank. pNILRB2was digestedwith XbaI to insert an alternative LIC
site for cloning of upstream gene ﬂanks, using the synthetic
phophorylated/annealed oligonucleotides listed in Table 2 (LIC3).
The resulting vector, termed pNILRB3 contains a total of 3 LIC sites.
The ﬁnal LIC site (LIC4)was split-cloned in either side of the sacB gene.
In order to add the ﬁnal site, pNILRB3 was digested with EcoRV (at the
end of the sacB gene) and treated with T4 DNA polymerase for 30 min
at 22 °C in the presence of dCTP to originate an overhang compatible
with oligonucleotides containing half of LIC4 (SwaI_LICR/SwaI_LICR_-
COMP, Table 2). The vector resulting from this insertion was cut with
NotI (before the start site of the sacB gene) for the insertion of the
second half of the LIC site using the phosphorylated and annealed
oligonucleotides (SwaI_LICL/SwaI_LICL_COMP, Table 2). The resulting
construct (pNILRB4), contained 2 LIC sites available per ﬂank and the
possibility of negative selection with sucrose for the inclusion of right
gene ﬂanks.
Finally, in order to introduce a selective marker for the cloning of
the left ﬂanks, an α-fragment of a lacZ gene was introduced into
pNILRB4. The lacZ α-fragment was PCR ampliﬁed from the plasmid
pUC18 (Yanisch-Perron et al., 1985) using the pair of primers listed in
Table 3. The PCR product was digested with NheI to produce
compatible overhangs with AvrII-digested pNILRB4. The two frag-
ments were ligated originating pNILRB5, which possesses four
possible LIC sites and selective markers for cloning of both, upstream
and downstream gene ﬂanks.Use
AG Upstream ﬂank ampliﬁcation of MSMEG_2309
T Upstream ﬂank ampliﬁcation of MSMEG_2309
Downstream ﬂank ampliﬁcation of MSMEG_2309
TG Downstream ﬂank ampliﬁcation of MSMEG_2309
Upstream ﬂank ampliﬁcation of MSMEG_4718
Upstream ﬂank ampliﬁcation of MSMEG_4718
Downstream ﬂank ampliﬁcation of MSMEG_4718
Downstream ﬂank ampliﬁcation of MSMEG_4718
Upstream ﬂank ampliﬁcation of MSMEG_5054
Upstream ﬂank ampliﬁcation of MSMEG_5054
Downstream ﬂank ampliﬁcation of MSMEG_5054
Downstream ﬂank ampliﬁcation of MSMEG_5054
Ampliﬁcation of sacB from pNIC28-BSA4
Ampliﬁcation of sacB from pNIC28-BSA4
Ampliﬁcation of lacZ from pUC18
Ampliﬁcation of lacZ from pUC18
Fig. 2. Diagram illustrating the cloning steps necessary to create pNILRB2. The right and left LIC site oligonucleotides were synthesized with overhangs compatible with those
generated by the enzymes used to cut the plasmid. A sacB PCR product was then inserted in the BamHI site of the right LIC site to construct pNILRB2.
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LIC vectors were digested either with BsaI or BseRI to expose their
3′ ends which were treated with T4 DNA polymerase in an 80 μl total
volume. Brieﬂy, 2–3 μg of hydrolyzed DNA were incubated for 30 min
at 22 °C with 12 U of T4 DNA polymerase (New England Biolabs) in the
presence of the provided buffer and additional 5 mM dGTP, 10 mM
DTT and 15 μM BSA. The reaction was stopped by heat inactivation at
75 °C for 20 min. This generated a LIC-ready vector with 5′ overhangs
of 14 nucleotides.2.5. PCR products for LIC cloning
PCR ampliﬁcation of gene ﬂanks was carried out with primers
where a gene speciﬁc sequence of 18–20 nucleotides was
extended on the 3′ end with 5′TACTTCCAATCCATG3′ for the
sense primer and 5′TATCCACCTTTACTG3′ for the antisense primer,
when cloning upstream gene ﬂanks (using the LIC site containing
BsaI), and with 5′TATCCACCTTTACTG3′ for the sense primer along
with 5′TACTTCCAATCCATG3′ for the antisense primer, when
cloning downstream ﬂanks (using the LIC site of the vector that
Fig. 3. Diagram illustrating the cloning steps necessary to create pNILRB5. One extra left LIC oligonucleotide with compatible overhangs was added to pNILRB2 once the later is
digested with XbaI, therefore creating pNILRB3. Subsequently, 2 other LIC oligonucleotides were added adjacent to the sacB gene creating a fourth LIC site, the resulting plasmid,
pNILRB4. Finally a lacZ PCR fragment was added between the two left LIC sites using the enzyme AvrII. This last step produced pNILRB5.
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were selected to test the LIC vectors are listed in Table 3.
The PCR products obtained were treated with T4 DNA polymerase
similarly to the vectors but using dCTP as the sole nucleotide in a 20 μl
volume. Brieﬂy, 3 μg of DNA was incubated for 30 min at 22 °C with 9
U of T4 DNA polymerase (New England Biolabs) in the presence of the
provided buffer and additional 5 mM dGTP, 10 mM DTT, 15 μM BSA.
The reaction was stopped by heat inactivation at 75 °C for 20 min.
2.6. Ligation-independent cloning of target gene ﬂanks
Linearised vector and PCR products resulting from T4 DNA
polymerase treatment were mixed together in a molarity proportion
of 1:10 (vector:insert) and annealed at room temperature for 10 min,
followed by an 8 min incubation on ice. The annealing mix was
directly transformed (Sambrook and Russell, 2001) into DH5α E. coli
competent cells (Invitrogen). The two ﬂanks of each genewere cloned
sequentially, having one transformation between each cloning step.
2.7. Construction of knock-out mycobacterial strains using LIC
delivery vectors
LIC constructs containing both ﬂanks of a gene (without the gene
itself) were hydrolyzed with PacI and ligated with a marker cassette
originated from the digestion of pGOAL19with PacI as described (Parish
and Stoker, 2000). The ﬁnal suicide constructs, containing the appropri-
ate selection genes, were used to electroporate M. smegmatis mc2 155
and mutants were isolated as described (Parish and Stoker, 2000).
Brieﬂy, UV treated DNA (100 mJ cm−2) or non-UV treated DNA was
electroporated (Parish et al., 1999) and hygromycin/kanamycin/lacZ
transformants were re-streaked to allow a second cross-over event to
occur. A loopful of cells was re-suspended in a liquid medium and
thoroughly vortexed with 1/4 ml of 1 mm glass beads. Serial dilutions
were plated onto sucrose/X-Gal and white colonies were selected and
tested for kanamycin sensitivity.
Strains were genotyped using PCR with genomic DNA template
and the products with the correct size containing ﬂanks and deletion
region were sequenced.
3. Results
3.1. Construction of LIC vectors for generation of gene deletions
in mycobacteria
To create a LIC vector, we aimed to insert two different LIC sites into
our starting vector, p1NIL (Fig. 2). This would allow separate cloning of
upstream and downstream regions of the gene to be mutated. p1NIL
was ﬁrstly adapted to introduce one LIC site into the unique KpnI site,
based on the LIC sequences used previously in the LIC expression vector
pET21a-LIC (GenBank accession EF456737, Fig. 2). This region now
contained two BseRI (recognition site GAGGAG) sequences for the
linearisation of the vector ﬂanking sequences (Table 2) for T4
polymerase-driven overhang generation. The resulting plasmid was
named pNILRB.
A different type IIS restriction enzyme (BsaI; recognition site
GGTCTC) was used as the basis for the second LIC site. It happens that
the plasmid already had two BsaI sites in the required orientation near
the multiple cloning site, and these were replaced with a synthetic
fragment, based on the LIC sequences used previously in the LIC
expression vector pNIC28-BSA4 (GenBank accession no. EF198106,
Fig. 2). The second LIC site was introduced by replacement of the
831 bp sequence in the vector ﬂanked by these native BsaI sites, and is
located 74 bp from the ﬁrst LIC site. The resulting construct, pNILRB1,
is a fully functional LIC mutagenesis vector where one gene ﬂank can
be cloned using the BsaI-containing LIC site and a second can be
cloned using the BseRI-containing LIC site.We tested the LIC cloning at each site using PCR products. Three
different gene ﬂanks were cloned using BsaI as a linearisation enzyme,
and a total of 45 transformants tested using restriction mapping. We
obtained 100% efﬁciency for the BsaI LIC site. Restriction mapping
after cloning into the BseIR LIC site showed that only 56% of 55
colonies tested were the required clones, with the others being
parental plasmid DNA.
In order to further improve the efﬁciency of the procedure and
reduce screening for the right-hand LIC site, a sacB gene was PCR-
ampliﬁed and inserted in-between the two BseRI sites of the
respective LIC sequence (Fig. 2). This produced pNILRB2, which
allows the use of sucrose negative selection for the insertion of one of
the gene ﬂanks.
Inserting the ﬁrst fragment using LIC is independent of restriction
sites present in the cloned DNA. However, inserting a second fragment
(as we planned for a mutagenesis construct), requires that the second
linearisation endonuclease used is not present in the fragment already
cloned. While this could often be avoided through planning, we made
the plasmids more ﬂexible by inserting two additional LIC sites (one
for each ﬂank) into pNILRB2 (Fig. 3). A LIC sequence containing two
SmaI (CCCGGG) recognition sites for linearisation and a region to
generate overhangs (Table 2) was inserted between the two BsaI sites
of pNILRB2. To generate a fourth LIC site, two SwaI (recognition
sequence: ATTTAAAT) sites were inserted between the BseRI sites,
ﬂanking sacB together with a sequence (Table 2) for T4-polymerase-
dependent overhang generation.
As a ﬁnal reﬁnement, we added a screening gene for the insertion
of left ﬂanks between the BsaI or SmaI LIC sites as well. This might not
normally be needed with such efﬁcient cloning, but adds initial
reassurance that the cloning has been successful. A lacZ α-fragment
gene was therefore inserted between the nested BsaI/SmaI sites
creating pNILRB5 (Fig. 3).
3.2. Use of the pNILRB vectors to generate M. smegmatis unmarked
deletion mutants
The vectors created were tested by generating suicide delivery
constructs with unmarked gene deletions. We produced three muta-
genesis constructs forM. smegmatis genes (MSMEG_2309,MSMEG_4718
andMSMEG_5040, Fig. 4).Mutantswere then obtained using a two-step
selection process as the previously described for the pNIL series (Parish
and Stoker, 2000). In brief, the suicide pNILRB vectors with the
appropriate gene ﬂanks and a marker cassette were transformed into
M. smegmatis by electroporation, and single cross-overs (SCOs) were
selected on plates containing hygromycin, kanamycin and X-Gal.
Positive colonies (hygromycinR/kanamycinR/lac+) were streaked onto
antibiotic-free plates to allow for a second cross-over event to occur and
double cross-overs (DCOs; sucroseR lac−) were isolated through plating
on sucrose/X-Gal. The entire cloning procedure could be easily
accomplished within 1 week. Mutagenesis in M. smegmatis took a
further 2 weeks to the point that DCOs were isolated and conﬁrmed by
PCR. We have also used the vectors to successfully make mutants with
the slow growing mycobacteria.
4. Discussion
4.1. pNILRB vectors present a robust and rapid cloning strategy
pNILRB5, the ﬁnal vector of the series, comprises four LIC sites
(two available for directional cloning of upstream ﬂanks and two
available for directional cloning of downstream ﬂanks), the origin of
replication for E. coli (oriE), a kanamycin resistance gene, a lacZ gene
for upstream ﬂank insertion selection, a sacB gene for downstream
ﬂank insertion selection and a unique PacI restriction site for the
insertion of the pGOAL19 derived marker cassette for homologous
recombination screening. The efﬁciency of LIC cloning coupled with
Fig. 4. Genomic DNA PCR from isolates of putative deletion mutants. A) forMSMEG_2309, B) forMSMEG_4718 and C) forMSMEG_5040. In each case the mutants were identiﬁed by a
reduction in size of the PCR product (note that the selection of unmarkedmutants can result in awild type ormutant genotype). M: Promega 1 kb ladder, DNAmarker;WT: wild type
strain; 1–11: potential mutants.
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to a minimum, facilitating and speeding the process. We have focused
on cloning gene ﬂanks with two steps. In some cases, one-step cloning
might be preferred (e.g. the whole gene and ﬂanks are inserted
together to mutate single nucleotides), for those situations it is
convenient for the backbone vector to have only one selectionmarker,
therefore pNILRB4 (same as pNILRB5 but without the lacZ gene)
should be used. If gene ﬂanks are to be cloned sequentially then
pNILRB5 would be the appropriate choice.
The presence of four LIC sites in the vectors pNILRB4 and pNILRB5
permits 16 different ways of cloning gene ﬂanks, in that there are four
pairs of enzymes, two ﬂanks that can be cloned in either site used, and
in either order. Furthermore, the SwaI site is present only once in the
genome ofM. tuberculosisH37Rv (in the middle of the gene Rv2023A).
For this reason, these vectors will be usable for inactivating most
genes. Consequently, choosing BsaI as the linearisation enzyme for the
ﬁrst LIC site and SwaI for the second would be a sensible strategy to
avoid enzyme related constraints. Once both ﬂanks are inserted, the
last cloning step is the excision of a PacI cassette from pGOAL19 and
inclusion into the pNILRB5 PacI site. This is done in the same way as
described for the pNIL series(Parish and Stoker, 2000) and it is an
efﬁcient process as only one restriction enzyme is used, orientation is
irrelevant and PacI sites are rare in mycobacterial genomes (none in
M. tuberculosis, and two in M. smegmatis). The insertion of the PacI
cassette adds the equivalent sacB and lacZ genes to the ones present in
pNILRB5, but which will have been removed during the cloning
procedure. Althoughwe did not use the SmaI and SwaI LIC sites for the
construction of the delivery vectors mentioned in this study, these
sites have been tested and worked efﬁciently.
The construction of delivery vectors to produce unmarked gene
deletions can be a challenging and time-consuming process, and in
the past has required a different strategy for each construct,
depending on the absence of particular restriction sites in the cloned
regions, in order to insert sites at the ends of the ampliﬁed region and
digest them for cloning. Furthermore, our experience is that theefﬁciency of digestions with two different enzymes in a multiple
cloning site is unreliable, and hard to monitor, and often creates the
need for several puriﬁcation steps during which DNA is lost. The LIC
approach used here is both more reliable and easier to troubleshoot,
thus allowing a tighter control of the procedure.
In the ﬁrst place, LIC does not depend on any restriction enzyme
digestions of the PCR product. Secondly, the vector can be digested
and T4-polymerase-treated and stored for use with multiple inserts.
Since there are no other problem sources (e.g. overhang compatibility,
variable efﬁciencies of selected enzymes, concentration loss during
excessive puriﬁcation steps, ligation reaction and molecular ratios),
this is much more efﬁcient and reproducible than standard cloning.
4.2. Ligation-independent cloning appears to be more efﬁcient than
standard molecular cloning
The number of recombinant molecules obtained from standard
cloning techniques varies greatly depending on several factors, but in
particular, the restriction sites used. This restriction sites can inﬂuence
the procedure in two ways: with the efﬁciency of the enzyme that
recognizes the sequence and with the length and type of overhangs
produced.
When cloning ﬂanks with pNILRB (LIC vector without selection
markers), we observed 100% frequencies of success for the insertion of
upstream ﬂanks (linearisation of the cloning vector with BsaI) and
56% for the insertion of downstream ﬂanks (linearisation of the
cloning vector with BseRI). The latter becomes close to 100% when
using the negative selection marker, sacB. The variation between LIC
sites is most likely to be due to the different efﬁciencies of the
linearisation enzymes. We found it harder to achieve complete
digestion with BseRI. Gel puriﬁcation of linear DNA could help to
improve efﬁciencies but we ﬁnd that unnecessary due to the selection
markers we have introduced. This feature is not to do with LIC, which
produces very high frequencies of recombination whenever complete
linearisation of the vector is obtained (Li and Elledge, 2007).
41R. Balhana et al. / Journal of Microbiological Methods 83 (2010) 34–41Regardless of the LIC site used we have routinely obtained far higher
frequencies of recombinant molecules with LIC than with the
standard restriction–ligation approach (in our hands, frequencies
obtained varying from 0 to 28.5% using the p1NIL vector).
Generally, it is expected of LIC cloning to be more efﬁcient than
standard cloning, since the region of compatibility between over-
hangs is much longer. LIC overhangs should stick easily together once
they establish contact, in contrast, standard molecular cloning relies
only on a very small region of complementarity (or no complemen-
tarity, for blunt ends) that might not be enough to keep molecules
together for long, and relies further on a ligase enzyme that has an
associated efﬁciency andmust meet molecules in the stage when they
remain annealed.
5. Conclusions
We constructed LIC suicide delivery vectors that allow a rapid and
efﬁcient cloning strategy in the process of making knock-out mycobac-
terial strains. pNILRB5 contains four LIC sites and selection/screening to
monitor the cloning process. We demonstrated the success of this
technique to generate four mutants. We concluded that its use is
advantageous over standardmolecular cloning by permitting (1) higher
cloning efﬁciencies, (2) fewer steps required, (3)more reproducible and
consistent results, (4) a quicker procedure and (5) the use of the
technique as amedium throughputmethod for cloninggenes in parallel.
We consider that these vectors present a valuable tool for thegeneration
of knock-out mutants through allelic exchange in mycobacteria.
Acknowledgement
This project was funded by the Welcome trust (Grant 073237).
RVC publication number P/PID/00078.
References
Aslanidis, C., de Jong, P.J., 1990. Ligation-independent cloning of PCR products (LIC-
PCR). Nucleic Acids Res. 18, 6069–6074.
Bardarov, S., Bardarov Jr, S., Pavelka Jr, M.S., Sambandamurthy, V., Larsen, M., Tufariello,
J., Chan, J., Hatfull, G., Jacobs Jr, W.R., 2002. Specialized transduction: an efﬁcient
method for generating marked and unmarked targeted gene disruptions in
Mycobacterium tuberculosis, M. bovis BCG and M. smegmatis. Microbiology. 148,
3007–3017.
Boshoff, H.I., Reed, M.B., Barry III, C.E., Mizrahi, V., 2003. DnaE2 polymerase contributes
to in vivo survival and the emergence of drug resistance in Mycobacterium
tuberculosis. Cell 113, 183–193.
Chauhan, A., Madiraju, M.V., Fol, M., Lofton, H., Maloney, E., Reynolds, R., Rajagopalan,
M., 2006.Mycobacterium tuberculosis cells growing inmacrophages are ﬁlamentous
and deﬁcient in FtsZ rings. J. Bacteriol. 188, 1856–1865.
Curry, J.M., Whalan, R., Hunt, D.M., Gohil, K., Strom, M., Rickman, L., Colston, M.J.,
Smerdon, S.J., Buxton, R.S., 2005. An ABC transporter containing a forkhead-
associated domain interacts with a serine-threonine protein kinase and is required
for growth of Mycobacterium tuberculosis in mice. Infect. Immun. 73, 4471–4477.
Dan, H., Balachandran, A., Lin, M., 2009. A pair of ligation-independent Escherichia coli
expression vectors for rapid addition of a polyhistidine afﬁnity tag to the N- or C-
termini of recombinant proteins. J. Biomol. Technol. 20, 241–248.
Dawes, S.S., Warner, D.F., Tsenova, L., Timm, J., McKinney, J.D., Kaplan, G., Rubin, H.,
Mizrahi, V., 2003. Ribonucleotide reduction inMycobacterium tuberculosis: functionand expression of genes encoding class Ib and class II ribonucleotide reductases.
Infect. Immun. 71, 6124–6131.
Eschenfeldt, W.H., Lucy, S., Millard, C.S., Joachimiak, A., Mark, I.D., 2009. A family of LIC
vectors for high-throughput cloning and puriﬁcation of proteins. Methods Mol.
Biol. 498, 105–115.
Haun, R.S., Serventi, I.M., Moss, J., 1992. Rapid, reliable ligation-independent cloning of
PCR products using modiﬁed plasmid vectors. Biotechniques 13, 515–518.
Hu, Y., Movahedzadeh, F., Stoker, N.G., Coates, A.R., 2006. Deletion of theMycobacterium
tuberculosis alpha-crystallin-like hspX gene causes increased bacterial growth in
vivo. Infect. Immun. 74, 861–868.
Lee, J., Kim, S.H., 2009. High-throughput T7 LIC vector for introducing C-terminal poly-
histidine tags with variable lengths without extra sequences. Protein Expr. Purif.
63, 58–61.
Li, M.Z., Elledge, S.J., 2007. Harnessing homologous recombination in vitro to generate
recombinant DNA via SLIC. Nat. Methods 4, 251–256.
Machowski, E.E., Dawes, S., Mizrahi, V., 2005. TB tools to tell the tale-molecular genetic
methods for mycobacterial research. Int. J. Biochem. Cell Biol. 37, 54–68.
Matsoso, L.G., Kana, B.D., Crellin, P.K., Lea-Smith, D.J., Pelosi, A., Powell, D., Dawes, S.S.,
Rubin, H., Coppel, R.L., Mizrahi, V., 2005. Function of the cytochrome bc1-aa3
branch of the respiratory network in mycobacteria and network adaptation
occurring in response to its disruption. J. Bacteriol. 187, 6300–6308.
Onwueme, K.C., Ferreras, J.A., Buglino, J., Lima, C.D., Quadri, L.E., 2004. Mycobacterial
polyketide-associated proteins are acyltransferases: proof of principle with
Mycobacterium tuberculosis PapA5. Proc. Natl Acad. Sci. USA 101, 4608–4613.
Parish, T., Stoker, N.G., 2000. Use of a ﬂexible cassette method to generate a double
unmarked Mycobacterium tuberculosis tlyA plcABC mutant by gene replacement.
Microbiology 146, 1969–1975.
Parish, T., Gordhan, B.G., McAdam, R.A., Duncan, K., Mizrahi, V., Stoker, N.G., 1999.
Production of mutants in amino acid biosynthesis genes of Mycobacterium
tuberculosis by homologous recombination. Microbiology 145 (Pt 12), 3497–3503.
Parish, T., Smith, D.A., Kendall, S., Casali, N., Bancroft, G.J., Stoker, N.G., 2003. Deletion of
two-component regulatory systems increases the virulence of Mycobacterium
tuberculosis. Infect. Immun. 71, 1134–1140.
Parish, T., Schaeffer, M., Roberts, G., Duncan, K., 2005. HemZ is essential for heme
biosynthesis in Mycobacterium tuberculosis. Tuberculosis (Edinb). 85, 197–204.
Pelicic, V., Jackson, M., Reyrat, J.M., Jacobs Jr., W.R., Gicquel, B., Guilhot, C., 1997. Efﬁcient
allelic exchange and transposon mutagenesis in Mycobacterium tuberculosis. Proc.
Natl Acad. Sci. USA 94, 10955–10960.
Primm, T.P., Andersen, S.J., Mizrahi, V., Avarbock, D., Rubin, H., Barry III, C.E., 2000. The
stringent response ofMycobacterium tuberculosis is required for long-term survival.
J. Bacteriol. 182, 4889–4898.
Qin, H., Hu, J., Hua, Y., Challa, S.V., Cross, T.A., Gao, F.P., 2008. Construction of a series of
vectors for high throughput cloning and expression screening of membrane
proteins from Mycobacterium tuberculosis. BMC Biotechnol. 8, 51.
Sambrook, J., Russell, D.W., 2001. Molecular cloning: a laboratory manual. CSHL Press,
New York.
Sander, P., Meier, A., Bottger, E.C., 1995. rpsL+: a dominant selectable marker for gene
replacement in mycobacteria. Mol. Microbiol. 16, 991–1000.
Shimono, N., Morici, L., Casali, N., Cantrell, S., Sidders, B., Ehrt, S., Riley, L.W., 2003.
Hypervirulent mutant of Mycobacterium tuberculosis resulting from disruption of
the mce1 operon. Proc. Natl. Acad. Sci. U. S. A. 100, 15918–15923.
Smith, D.A., Parish, T., Stoker, N.G., Bancroft, G.J., 2001. Characterization of auxotrophic
mutants of Mycobacterium tuberculosis and their potential as vaccine candidates.
Infect. Immun. 69, 1142–1150.
Snapper, S.B., Melton, R.E., Mustafa, S., Kieser, T., Jacobs Jr., W.R., 1990. Isolation and
characterization of efﬁcient plasmid transformation mutants of Mycobacterium
smegmatis. Mol. Microbiol. 4, 1911–1919.
Warner, D.F., Etienne, G., Wang, X.-M., Matsoso, L.G., Dawes, S.S., Soetaert, K., Stoker, N.G.,
Content, J., Mizrahi, V., 2006. A derivative of Mycobacterium smegmatis mc2155 that
lacks the duplicated chromosomal region. Tuberculosis 86, 438–444.
Yang, Y.S., Watson, W.J., Tucker, P.W., Capra, J.D., 1993. Construction of recombinant
DNA by exonuclease recession. Nucleic Acids Res. 21, 1889–1893.
Yanisch-Perron, C., Vieira, J., Messing, J., 1985. ImprovedM13 phage cloning vectors and
host strains: nucleotide sequences of the M13mp18 and pUC19 vectors. Gene 33,
103–119.
